Classification of transconductance amplifiers (TA) based on the number of input ports and output ports is given. A systematic generation method of TA based on using nullator, norator elements, and pathological mirror elements is used to provide pathological realizations of different types of TA. Four pathological realizations of the single input balanced output TA each using two grounded G are given. Four pathological realizations of the differential input single output TA each using two grounded G are given.
Introduction
Several CMOS realizations of the transconductance amplifier (TA) have been reported in the literature. 1À14 The use of TA as a basic building block in active circuits has been demonstrated in several papers. 15À27 Only very few nullor representations of the TA have appeared in the literature.
26À30
In this paper the nodal admittance matrix (NAM) expansion method introduced in Ref. 28 to realize active building blocks is extended to accommodate the pathological voltage mirror (VM) and the pathological current mirror (CM) together with the nullator and norator 31 thus resulting in a complete set of active circuits realizing TA. For a physically realizable circuit, all the voltages and currents are *This paper was recommended by Regional Editor Piero Malcovati. always uniquely and definitely determined. This in turn implies that in the ideal representation of a physically realizable circuit, nullators (or VM) and norators (or CM) must occur in a pair.
32À37 Table 1 includes a summary of the four pathological elements and their definitions.
The key steps in the NAM expansion are summarized as follows:
(a) A nullator connected between two columns moves a circuit element from one column to the other column with the same sign. (b) A norator connected between two rows moves a circuit element from one row to the other row with the same sign. (c) A VM connected between two columns moves a circuit element from one column to the other column with opposite sign. (d) A CM connected between two rows moves a circuit element from one row to the other row with opposite sign. There are two types of the single input single output TA according to the direction of the output current. The single input single output TA with output current pointing inward is defined as TA− and is also known as the voltage-controlled current source (VCCS). The single input single output TA with output current pointing outward is defined as TAþ. The single input single output TA is not included in this paper as it is related to the systematic generation method of controlled sources using unity gain cells that has been introduced recently in the literature. 38 
Single Input Balanced Output TA
The admittance matrix of the single input balanced output TA is given by
From the above NAM it is seen that the single input balanced output TA is a floating active element. 39 There are four alternative pathological realizations of the single input balanced output TA using two grounded G as will be explained below.
Adding a fourth blank row and column to Eq. (1) and connecting a nullator between columns 1 and 4 and a norator between rows 2 and 4 will move G to the diagonal position 4, 4 as follows:
ð2Þ
Adding a fifth blank row and column to Eq. (2) and connecting a VM between columns 1 and 5 and a norator between rows 3 and 5 will move ÀG to the diagonal position 5, 5 to become G as follows:
ð3Þ
The above NAM is realized as shown in Fig. 1(a) .
The other three realizations shown in Figs. 1(b)À1(d) can be obtained in a similar way.
Differential Input Single Output TA
The admittance matrix of the differential input single output TA is given by
There are four alternative pathological realizations of the differential input single output TA using two grounded G as will be explained later. Adding a fourth blank row and column to Eq. (4) and connecting a nullator between columns 1 and 4 and a norator between rows 3 and 4 will move G to the 
Adding a fifth blank row and column to Eq. (5) and connecting a nullator between columns 2 and 5 and a CM between rows 3 and 5 will move ÀG to the diagonal position 5, 5 to become G as follows:
The above NAM is realized as shown in Fig. 2(a) .
The other three realizations shown in Figs. 2(b)À2(d) can be obtained in a similar way. Table 2 summarizes the properties of the different realizations of the single input balanced output TA and the differential input single output TA. 
Differential Input Two-Output TA
There are three types of the differential input two-output TA according to the directions of the output currents. 
From the above NAM it is seen that the summation of each column in the NAM is zero; thus, BOTA has the property of being a floating active element. 39 There are four pathological realizations of BOTA using a floating G. The generation method using NAM expansion for realization 1 of the BOTA is given next.
Adding two blank rows and columns to Eq. (7) and connecting two nullators between columns 1, 5 and 2, 6 and two norators between rows 3, 5 and 4, 6 result in the following expanded NAM:
ð8Þ
The above NAM is realized as shown in Fig. 3(a) .
Similarly, the three other realizations can be obtained and are shown in Figs. 3(b)À3(d) .
Two new realizations of the BOTA using two grounded G are shown in Figs. 4(a) and 4(b). It should be noted that the two realizations are adjoints to each other after interchanging inputs and output ports. Table 3 summarizes the properties of the six BOTA realizations and their adjoints. It should be noted that the adjoint TA realization is based on the inputs and output ports being interchanged. 
Differential input double output TA¡ (DOTA¡)
The admittance matrix of the differential input DOTA with the two output currents pointing inward is described by 
There are two pathological realizations of the differential input DOTAÀ using a floating G. The generation method using NAM expansion for realization 1 is explained next. Adding two blank rows and columns to Eq. (9) and connecting two nullators between columns 1, 5 and 2, 6 and a norator between rows 3, 5 and a CM between rows 4, 6 result in the following expanded NAM:
ð10Þ
The above NAM is realized as shown in Fig. 5(a) .
The other realization shown in Fig. 5(b) can be obtained in a similar way. A new realization of the DOTAÀ using two grounded G is given in Fig. 5(c) . 
Differential input double output TA+ (DOTA+)
The admittance matrix of the differential input DOTA with the two output currents pointing outward is described by
Two new realizations of the differential input DOTAþ are shown in Fig. 6 , and can be derived as in the previous case.
A new realization of the DOTAþ using two grounded G is given in Fig. 6(c) . Table 4 summarizes the properties of the three different realizations of DOTAÀ and DOTAþ. 
Properties and Alternative Realizations of BOTA
Among all different types of TA considered in this paper, BOTA is the only TA that is floating and its adjoint is also a BOTA as seen from Table 3 . It can also be seen that the BOTA circuits of Figs. 3(a) and 3(b) are self-adjoint. In this section, realizations of BOTA from other types of TA as well as from current conveyors (CCII) 40 or inverting current conveyors (ICCII) 32 are briefly discussed.
Realization of BOTA from other TA
BOTA can be realized from two matched single input balanced output TA as shown in Fig. 7(a) . Two differential input single output TA having G 1 equal to G 2 can also be used to realize the BOTA as given in Fig. 7(b) . 41 
Realization of BOTA from CCII or ICCII
This section demonstrates the importance of the pathological realizations in obtaining alternative ideally equivalent realizations.
The two CCIIÀ circuit realizing the BOTA and shown in Fig. 8(a) is generated from Fig. 3(a) . It can be seen that this is a self-adjoint circuit. The two CCIIþ circuit realizing the BOTA and shown in Fig. 8(b) is generated from Fig. 3(c) . This is not a self-adjoint circuit; on the other hand its adjoint circuit is shown in Fig. 8(c) and is realized from the pathological circuit shown in Fig. 3(d) .
The two ICCIIþ circuit realizing the BOTA and shown in Fig. 8(d) is generated from Fig. 3(b) and it is self-adjoint.
For each of the four CCII and ICCII circuits realizing BOTA given in Fig. 8 , the parasitic resistances of the two CCII or ICCII act in series with the resistor R connected between two X ports resulting in an actual resistor value R a equal to R þ 2R X .
Conclusions
A systematic generation method of TA based on using nullator, norator elements, and pathological mirror elements is used to provide pathological realizations of different types of TA. Four pathological realizations of the single input balanced output TA each using two grounded G are given. Four pathological realizations of the differential input single output TA each using two grounded G are given.
Six pathological realizations of the BOTA are given. Finally, three pathological realizations for each of the two types of the differential input double output TA are also given.
